. However, the range of structures that can be controllably synthesized by the current methods is still limited in terms of morphology, spatial selectivity, crystal orientation, layer number and chemical composition. Development of versatile growth methods is essential to the realization of highly integrated electronic and photonic devices based on these materials.
R ecent advances in the chemical vapour deposition (CVD) of two-dimensional (2D) transition metal dichalcogenides (TMDs) on various substrate surfaces 1,2 have opened up prospects for the exploration of their fundamental physical properties 3 and practical device implementation schemes 4 . However, the range of structures that can be controllably synthesized by the current methods is still limited in terms of morphology, spatial selectivity, crystal orientation, layer number and chemical composition. Development of versatile growth methods is essential to the realization of highly integrated electronic and photonic devices based on these materials.
While various CVD-based growth techniques for TMDs have been demonstrated 1, 2 , they generally involve similar microscopic mechanisms in which the gas/vapour phase precursors are converted to a solid-state product via surface adsorption, surface diffusion and bond formation 5 . This growth mode, which may be referred to as vapour-solid-solid (VSS), is common in the CVD growth of not only 2D TMDs [6] [7] [8] [9] but also other ultrathin chalcogenides 10 and graphene [11] [12] [13] . Since the precursors are uniformly supplied to the nuclei in the 2D growth plane, this type of growth typically yields structures with a characteristic crystal shape that is determined primarily by the inherent free energy of the crystal edges and surface diffusion kinetics 14 . An alternative growth mode known as vapour-liquid-solid (VLS) growth is an attractive approach to introducing lateral control in 2D crystal growth and achieving direct bottom-up synthesis of integration-ready nanostructures. In the VLS mode, 1D nanostructures are produced by precipitation from supersaturated catalytic liquid droplets [15] [16] [17] . VLS growth has been observed for various van der Waals layered compounds including BN 18 , NiCl 2 19 , SnS 2 20 and Bi 2 Se 3
21
, but the growth products are often randomly oriented multilayered nanotubes or nanoribbons, typically consisting of tens to hundreds of monolayers. Meanwhile, recent demonstrations of graphene 22 and 2D oxide 23 growth on liquid metal surfaces, and monolayer MoSe 2 growth on molten glass 24 , highlight the potential of liquid-mediated synthesis techniques. Furthermore, the observation of VLS-like growth of laterally oriented graphene nanoribbons from molten nickel 25 suggests that non-tubular, atomically thin structures can be synthesized in the VLS mode and offers the prospect of controlled 1D growth of layered compound semiconductors such as TMDs in their monolayer limit.
Here, we report in-plane VLS growth of monolayer MoS 2 ribbons with an average width of hundreds of nanometres on crystalline surfaces. We discover that an alkali metal halide reacts with transition metal oxide precursors to form molten droplets that crawl on the substrate surface and mediate the highly anisotropic growth. We demonstrate that the VLS mode allows homoepitaxial growth of ribbons on a pre-grown monolayer MoS 2 support layer, yielding unique 1D-on-2D structures. We also show that the alignment of the ribbons is largely determined by the orientation of the underlying crystal, similar to the guided horizontal growth of nanotubes 26 and nanowires 27 . Our results provide insight into the distinct VLS growth mode of 2D MoS 2 and demonstrate the potential for their implementation in nanoelectronic devices.
VLS growth of MoS 2 nano-and microribbons on NaCl
We conducted salt-assisted CVD 9 of monolayer MoS 2 on a freshly cleaved surface of a NaCl single crystal using powdered MoO 3 and S as precursors (see Methods and Supplementary Fig. 1 for  details) . Figure 1a ,b shows optical and atomic force microscope (AFM) images of monolayer MoS 2 grown on the NaCl surface (see also Supplementary Fig. 2 for more images). In stark contrast to the typical triangular crystals, straight and kinked narrow ribbons with widths of a few tens of nanometres to a few micrometres, and lengths ranging from a few to tens of micrometres are grown (see Supplementary Fig. 2i for the width distribution). The step height of a majority of these ribbons is ~0.8 nm, which is consistent with the thickness of monolayer MoS 2 28 ( Supplementary Fig. 3 ). The optical images show that most ribbons are terminated with a particle as indicated by the circles in Fig. 1a -c. We note that the size of these particles consistently matches the width of the ribbons. These are characteristic features of nanostructures that result from the crawling mode 26, 27, 29 of VLS growth, where the liquid droplets crawl on the surface as the reaction product is precipitated laterally. These ribbons are locally aligned but exhibit occasional regular kinks, suggesting that the growth is guided either by the substrate or the crystal facets of MoS 2 (Fig. 1a,d, Supplementary Fig. 2) .
To understand the possible reaction routes involving a liquidphase intermediate compound, we conducted thermogravimetric analysis (TGA) of the growth precursors, X-ray diffraction (XRD) analysis and energy dispersive X-ray (EDX) analysis on the reaction products. Although our growth temperature (~700 °C) is below the typical melting point of MoO 3 (795 °C) and NaCl (801 °C) at atmospheric pressure, these compounds gradually sublime at the growth temperature, as evidenced by their deposition on an SiO 2 /Si substrate in a control experiment ( Supplementary Fig. 4 ). The TGA of the MoO 3 -NaCl mixture ( Supplementary Fig. 5 ) shows a prominent weight loss at ~550 °C in contrast to pure MoO 3 , which shows weight loss only above 800 °C. These results indicate that NaCl chemically reacts with MoO 3 at temperatures well below the melting point of either compound. Further, XRD study of the reaction product reveals that the resulting compound contains Na 2 Mo 2 O 7 , which has a low melting point of 605 °C 30 and is a liquid at the growth temperature ( Supplementary Figs. 4 and 5) . A possible reaction route 31 is
We determined experimentally that the liquid phase Na 2 Mo 2 O 7 yields MoS 2 when exposed to sulfur vapour at the growth temperature ( Supplementary Fig. 5 ). The EDX analysis showed that the particles terminating the ribbons contain molybdenum, sodium, oxygen, sulfur and a small amount of chlorine ( Supplementary Fig. 6 ). These results further support the validity of the above reaction route and VLS growth as schematically illustrated in Fig. 1d ,e. Sodium plays a key role in inducing melting of the precursors and enabling the VLS mode. This is similar to the role of gold in VLS growth of Si and III-V semiconductor nanowires, where gold forms a eutectic with the precursor element and facilitates liquidmediated growth at temperatures lower than required in other Fig. 11 for further discussions). g, Zigzag-shaped MoS 2 ribbon that resulted from a liquid droplet trapped in between two parallel ribbons. The blue arrows in e and g indicate the growth direction. h, Photoluminescence spectra collected from the underlying monolayer and an overgrown ribbon. Inset, optical and fluorescence images of the structure. i, Raman spectra of the underlying monolayer and an overgrown ribbon. j,k, Optical image (j) and corresponding Raman A 1g intensity map (k) of ribbons grown on monolayer MoS 2 . 1L and 2L represent the monolayer and bilayer regions of the sample, respectively. growth modes 15, 17, 27, 29, 32 . Alloys of alkali metals and transition metal oxides have similar melting points and can effectively mediate VLS growth of TMDs 33 . We found that reacting pre-deposited sodium molybdate (Na 2 MoO 4 ), which is also a liquid at 700 °C, with sulfur vapour yields monolayer MoS 2 ribbons, triangular crystals and continuous thin films ( Supplementary Figs. 7 and 8 ). This observation reveals a few important aspects of the reaction. First, chlorine is not an essential element in triggering the VLS mode. Second, this mode of growth can be achieved in the absence of MoO 3 vapour. Third, the liquid phase precursor can also mediate 2D growth, yielding a continuous film. Furthermore, we tested the general applicability of this growth method by conducting the growth of other monolayer TMDs (MoSe 2 (Fig. 1f) . The ribbons also exhibited characteristic excitonic photoluminescence peaks at 1.9 and 2.05 eV (Fig. 1g) . These features are nearly identical to those of mechanically exfoliated monolayer MoS 2 , indicating that our VLS growth does not introduce substantial defects, strain and doping beyond that found in exfoliated materials. We further verified this by investigating the electronic quality of the nanoribbons by evaluating their field-effect mobility. We tested 21 two-terminal field-effect transistors (FETs) based on straight and kinked ribbons and found that they exhibit typical n-type transfer characteristics with on/off ratios of ~10 5 and electron field-effect mobilities of 10-35
, which are comparable to the performance of monolayer MoS 2 prepared by mechanical exfoliation 34 and metalorganic CVD 2 . Both types of ribbon exhibited similar average performances, indicating that kinks do not represent major structural defects that are detrimental to carrier transport at room temperature (Fig. 1h) .
VLS epitaxy of MoS 2 ribbons on monolayer MoS 2
In order to test the feasibility of VLS growth on other surfaces, we further conducted salt-assisted growth of MoS 2 ribbons on a continuous film of monolayer MoS 2 pre-grown on a SiO 2 /Si substrate (see Supplementary Information for the detailed method). Figure 2a and Supplementary Fig. 10 show the unique morphology of kinked ribbons on the monolayer MoS 2 support layer. The majority of these ribbons were found to be monolayers ( Supplementary Fig. 11a-c) . The orientation of the ribbons is locally well-defined and their predominant growth directions are separated by ~60° or ~120° (Fig. 2a) . Most ribbons are terminated by a particle, similar to the case of growth on single-crystal NaCl (Fig. 2a,b) . Figure 2c shows an optical image of arrays of numerous parallel nanoribbons extending from an island of multilayered MoS 2 . This ordered morphology suggests that the alignment of the ribbons is induced by the orientation of the underlying MoS 2 crystal. Figure 2d shows another frequently observed ribbon termination form, where a faceted 2D flake is formed instead of a particle. The absence of a particle suggests that the precursor was fully consumed during growth.
Careful examination of the ribbon morphologies by scanning electron microscope (SEM) (Fig. 2e) and AFM (Fig. 2f) reveals that the kinks often appear along straight-line features of the underlying monolayer MoS 2 . Particles tend to aggregate along these lines, as indicated by the arrows in Fig. 2e ,f. Based on a series of measurements, we found that these lines correspond to the grain boundary of the underlying MoS 2 (See Supplementary Fig. 11d-f for further discussion). The features of the ribbons around the kinks reveal the migration history of the liquid droplet. For example, the morphology of the ribbon in Fig. 2e suggests that the droplet initially moved towards the upper left before encountering a surface perturbation and changing its direction by ~120° as marked by the arrows. The growth of this ribbon was terminated after the droplet took two additional turns, one at a grain boundary and another at a ribbon edge. It is also worth highlighting that each kink displays a round corner, which is indicative of the liquid state of the precursor at the growth temperature ( Supplementary Figs. 6 and 11b) . Figure 2f shows an AFM phase image of two ribbons grown on two adjacent grains of the underlying MoS 2 film. In both grains, the ribbon takes an approximately 120° turn at the grain boundary but the orientation of the ribbons in the two adjacent grains are offset by ~12°. The difference in the ribbon orientation is most probably caused by the varying orientations of the underlying MoS 2 grains. Another commonly observed scenario involves a droplet trapped between two parallel ribbons, as shown in Fig. 2g . In this case, the liquid droplet 'bounces' back and forth with ~120° turns between the two parallel ribbons, resulting in a peculiar zigzag-shaped ribbon. Photoluminescence spectroscopy and fluorescence imaging show that the characteristic excitonic direct gap emission of monolayer MoS 2 is significantly quenched along the ribbons (Fig. 2h) . Quenching of photoluminescence suggests that there is a strong interaction between the upper and lower MoS 2 layers, resulting in indirect bandgap formation in the bilayer regions 35, 36 . Raman spectra show that the E 2g 1 and A 1g peaks of the bilayer regions exhibit characteristic softening and stiffening as observed in commensurately stacked bilayers, further indicating strong interlayer interactions (Fig. 2i) . Figure 2j ,k shows an optical image and corresponding integrated intensity map of the Raman A 1g peak of the ribbons on monolayer film, showing distinctly stronger and uniform intensity in the bilayer region, highlighting the structural uniformity of the epitaxial layer.
Stacking order of 1D-on-2D MoS 2 structures
To further investigate the stacking order of the epitaxially grown ribbons on monolayer MoS 2 , we conducted scanning transmission electron microscopy (STEM) imaging of the samples. Figure 3a ,b shows a low-magnification annular dark field (ADF) STEM image of ribbons on a monolayer MoS 2 support, revealing their rough zigzagshaped edges. Atomic-resolution STEM images near the edges of the bilayer regions reveal that two types of stacking orders, namely 2H and 3R, are predominant. Figure 3c,d shows the STEM image and the corresponding atomic model of the overgrown monolayer in 2H-stacking structure. The 2H-type bilayer is characterized by a stacking sequence where the two layers have 180 o relative orientations, restoring inversion symmetry. The metal (chalcogen) atoms in the upper layer are aligned with the chalcogen (metal) atoms in the lower layer, thereby forming a hollow hexagonal structure when viewed from the c-axis direction (Fig. 3d) . Figure 3e ,f shows the STEM image and the corresponding atomic model the overgrown monolayer with 3R-type stacking. This 3R stacking is characterized by a stacking sequence in which the two layers have the same orientation but the top layer is shifted by 1/√ 3 of the lattice constant along the < 110> direction. These structures can be readily identified from the ADF contrast. The observed predominance of commensurate stacking is direct evidence of epitaxial growth.
Detailed analysis of the atomic structure across the width of the ribbons reveals that the stacking order is spatially varied. Unlike the edge regions, which are uniform in contrast (white arrow in Fig. 3b) , the centre region of the ribbons exhibits peculiar fishbone-like periodic fringes (blue lines in Fig. 3b ). These fringes suggest undulations of the layers with local strain and spatially varying interlayer interactions 37 . Figure 3g shows the atomic-resolution STEM image of the centre of the ribbon where the dominant stacking is of 2H type. It can be seen that the stacking order changes across the ribbon from AC (left square), AB (middle square) to AA (right square) over several nanometres. The STEM signal intensity reveals that the relative orientation of the two layers remains the same while the layers are locally displaced with respect to one another ( Supplementary  Fig. 12 ). Such a structure is indicative of the presence of strain and local separation of the layers 37 . As discussed below, the ripples may be induced by a compressive force exerted by the liquid droplet during growth. It is worth noting that we did not find any evidence of Na and Cl impurities in the crystal lattice of MoS 2 based on the STEM analysis.
Probing stacking order by nonlinear optics
Stacking order has a significant impact on the nonlinear optical properties of MoS 2 38-41 . In order to further investigate the spatial variations of stacking sequence in the homoepitaxially grown ribbons, we conducted second harmonic generation (SHG) microspectroscopy. It is known that 2H MoS 2 bilayers exhibit low second-order nonlinear optical susceptibility due to inversion symmetry and their SHG signals are typically two orders of magnitude smaller than that of non-centrosymmetric monolayer MoS 2 40,41 . . The grain boundaries of the underlying layer are identified by the contrast in the SHG signal and highlighted with a dashed line. c, SHG image of a ribbon with non-uniform SHG signal. The overall signal is weaker than the background suggesting that it is a bilayer with predominantly 2 H phase. The signal is slightly enhanced in the centre region of the ribbon due to the spatial variation of stacking sequence and weaker interlayer interaction.
In contrast, 3R MoS 2 lacks inversion symmetry and exhibits intense SHG signals even in multilayer form 42 . Figure 4a ,b shows optical image and corresponding SHG intensity map of the homoepitaxially grown ribbons on monolayer MoS 2 . While all of the bilayer regions are uniform in contrast in the bright-field optical image, it is evident that different bilayer ribbons exhibit distinct nonlinear optical responses. Taking the SHG signals from the support monolayer as a reference (point 1 in Fig. 4b) , it can be seen that some ribbons exhibit one order of magnitude weaker SHG signals (point 2), while others yield signals almost two-fold larger (point 3) (Supplementary Fig. 13 ). This quenching and enhancement of the SHG signals can be attributed to 2H-and 3R-type stacking of the ribbons on the support monolayer, respectively, further verifying the epitaxial nature of the VLS growth. Figure 4c shows the SHG intensity map of a wide ribbon with predominantly 2H stacking based on the average SHG intensity. The centre region of the ribbon exhibits slightly enhanced signals, indicating weaker interlayer interactions. This observation is consistent with the STEM analysis that the symmetry and interlayer interactions vary over nanometre length scales in the centre region of the ribbons due to local strain and nanoripples (Fig. 3g) .
Mechanism of VLS growth of MoS 2 ribbons
What drives the horizontal growth of predominantly monolayer MoS 2 ribbons? Here we present our qualitative understanding of the growth processes and mechanism based on our experimental observations (schematically summarized in Fig. 5 ). The precursor for VLS growth is the formation of liquid droplets (Fig. 5a ) via a reaction between the vapours of MoO 3 and NaCl as discussed above. When Na 2 MoO 4 is used, liquid droplets form by direct melting (Supplementary Fig. 7 ). Subsequently, vapourized sulfur dissolves into the liquid droplet until saturation occurs, triggering the formation of an MoS 2 nucleus at the droplet/substrate interface (Fig. 5b) . Continuous precipitation of MoS 2 allows commensurate growth on the support crystal structure (Fig. 5c) . As the growth of the ribbon proceeds, the liquid droplet begins to crawl on the substrate surface (Fig. 5d) . The origin of the crawling mode has been discussed in the literature, but it is not yet fully understood due to complex kinetics of the processes involved 43, 44 . Here, we propose that the driving force of the liquid droplet motion results primarily from the competition between the interfacial free energies of the droplet/ribbon (σ 1 with area A 1 ) and droplet/ substrate (σ 2 with area A 2 ) interfaces. With the condition of σ 1 > σ 2 , the total interfacial free energy (G int ) increases (δ G int = (σ 1 − σ 2 )δ A 1 > 0) as MoS 2 nucleates and grows at the droplet/substrate interface (Fig. 5b,c) . For the ribbon growth to occur, the droplet dewets the ribbon at one of the edges (blue arrows in Fig. 5c ,e) and a quasiequilibrium state is achieved (Fig. 5e) . As the ribbon grows and A 1 increases (δ A 1 ), the increase in free energy (δ G int ) leads to a driving force F for the droplet to displace laterally and restore the quasiequilibrium state at the tip of the ribbon (Fig. 5f,g ). This is similar to the spontaneous lateral motion of a water droplet from regions of a surface with low surface energy to those with high surface energies 45 . While the magnitude of the interfacial energies is not known, the finite difference in the surface energies of the ribbon and the substrate suggests that the above scenario is possible. The surface energy of NaCl is significantly higher than that of monolayer MoS 2 46, 47 , and monolayer MoS 2 on a SiO 2 /Si substrate is expected to exhibit higher surface energy compared to bilayer MoS 2 47 . Other forces such as capillary and Marangoni forces may also play a role in the lateral motion 48 . As the droplet crawls on the surface, sulfur and possibly MoO 3 continue to dissolve into the droplet, inducing further continuous growth and yielding the observed ribbon structures. The ripplelike features and local strains in the ribbons most probably resulted from the compressive stress induced by the droplet during growth. The predominance of monolayer growth may be explained by the fast motion of the liquid droplet, which allows limited time for the nucleation and growth of the second layer. Owing to the finite vapour pressure of MoO 3 and sulfur during growth, the ribbons can also grow at the edge of ribbons via vapour-solid or VSS conversion of the precursors. The strain-free edge region of the ribbons most probably resulted from such non-VLS growth (Fig. 2d and Fig. 5d) .
In order to gain insight into the liquid-solid transformation, we performed density functional theory based molecular dynamic (DFT-MD) simulations of the precipitation process [49] [50] [51] [52] . Initially, 22 Mo atoms and 43 S atoms were dissolved into a disordered Na 21 Mo 21 O 69 droplet, which was placed next to an MoS 2 nanoribbon with its Mo-terminated zigzag edge exposed to the droplet. The system was annealed from 1,500 to 16,00 K (see Methods) over a period of ~17.5 ps. The initial and final structures are shown in Fig. 6 (see Supplementary Movies 1 and 2 for the full animation) . The simulation shows the attachment of S and Mo to the zigzag edge, nearly completing a new row of MoS 2 . It is worth noting that MoS 2 is not oxidized despite the presence of large numbers of oxygen atoms. We also observe the nucleation of MoS 2 clusters in regions that are rich in Mo and S atoms, further supporting the feasibility of liquidmediated nucleation and growth of MoS 2 .
Conclusions
In summary, we have demonstrated the VLS growth of monolayer MoS 2 nano-and microribbons on NaCl crystals and VLS-based homoepitaxy on monolayer MoS 2 by salt-assisted CVD. The VLS growth is made possible by the formation of a liquid solution due to the vapour phase reaction between MoO 3 and NaCl. While there are some similarities with conventional VLS growth of nanowires and nanotubes, there are notable differences: the growth is strictly limited to the interface between the liquid phase precursor and the substrate surface; it yields predominantly monolayer products; and it is a van der Waals epitaxy. We envision that optimized VLS growth of 2D TMDs will allow rapid synthesis of nano-and microribbon arrays and complex heterostructures that can be readily integrated into nanoelectronic and photonic devices. By identifying a suitable liquid-phase intermediate compound, we believe that it will be possible to realize the direct 1D growth of a range of van der Waals layered materials. Our findings offer insights into the novel synthesis approaches for 2D TMDs and prospects for the development of unique mixed-dimensional structures.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41563-018-0055-z. 
